The nucleus accumbens (NAc) is a critical brain reward region that mediates the rewarding effects of drugs of abuse, including those of morphine and other opiates. Drugs of abuse induce widespread alterations in gene transcription and dendritic spine morphology in medium spiny neurons (MSNs) of the NAc that ultimately influence NAc excitability and hence reward-related behavioral responses. Growing evidence indicates that within the NAc small GTPases are common intracellular targets of drugs of abuse where these molecules regulate drug-mediated transcriptional and spine morphogenic effects. The RhoA small GTPase is among the most well-characterized members of the Ras superfamily of small GTPases, and recent work highlights an important role for hippocampal RhoA in morphine-facilitated reward behavior. Despite this, it remains unclear how RhoA pathway signaling in the NAc is affected by withdrawal from morphine. To investigate this question, using subcellular fractionation and subsequent protein profiling we examined the expression of key components of the RhoA pathway in NAc nuclear, cytoplasmic, and synaptosomal compartments during multiple withdrawal periods from repeated morphine administration. Furthermore, using in vivo viral-mediated gene transfer, we determined the consequences of revealed RhoA pathway alterations on NAc MSN dendritic spine morphology. Our findings reveal an important role for RhoA signaling cascades in mediating the effects of long-term morphine withdrawal on NAc MSN dendritic spine elimination.
The actin cytoskeleton is critical for the stability and dynamic regulation of cellular morphology. In neurons, actin is a key regulator of the formation, stability, and experience-dependent remodeling of dendritic spines, the regions at which most excitatory connections in the central nervous system occur (Bosch and Hayashi 2012; Penzes and Cahill 2012 ). In addition, recent studies indicate that actin has critical nonstructural roles in cells, including the regulation of gene transcription (Wu et al. 2006; Olson and Nordheim 2010; Rajakyla and Vartiainen 2014) . Similar to other cell types, our recent studies indicate that actin regulatory pathways control the nuclear distribution of specific transcription factor networks in neurons (Cahill et al. 2016 (Cahill et al. , 2018 . Guanine nucleotide exchange factors (GEFs) are potent regulators of actin function in neurons; however, in most instances GEFs interact with actin indirectly through a cascade of intermediary proteins. Notably, via their tandem Dblhomology/plekstrin-homology (DH/PH) domains, GEFs induce a guanosine diphosphate to guanosine-5 0 -triphosphate (GTP) exchange on small GTPases thereby resulting in small GTPase activation. Small GTPases, in turn, regulate the activity of a broad class of molecules referred to as small GTPase effectors. These effectors influence the activity of actin-binding proteins responsible for regulating actin structure and stability (Tolias et al. 2011; Penzes and Cahill 2012) .
The nucleus accumbens (NAc) is a primary brain reward region located in the ventral striatum. The NAc receives glutamtergic input from the medial prefrontal cortex, basolateral amygdala, and ventral hippocampus, as well as dopaminergic input from the ventral tegmental area (Russo and Nestler 2013) . The immediate rewarding properties of drugs of abuse stem in large part from their ability to alter the excitability of medium spiny neurons (MSNs) of the NAc, largely through augmented reciprocal dopaminergic and glutamatergic drive (D'Souza 2015) . During both acute and long-term withdrawal from repeated drug exposures, dynamic alterations in the density and morphology of dendritic spines on NAc MSNs are believed to increase the propensity toward relapse. Such pro-reward neuroadaptations in NAc MSNs enable drugs of abuse to promote a state of heightened reward circuit function and concomitant increased drug-seeking behavior even long after drug administration has ceased (Russo and Nestler 2013) .
Recent studies have demonstrated that the reinforcing properties of drugs of abuse stem in part from their ability to alter the expression and activity of GEF-small GTPase networks in NAc MSNs during both acute and protracted withdrawal periods (Covington et al. 2011; Dietz et al. 2012; Wang et al. 2013; Cahill et al. 2016; Nagai et al. 2016) . While most studies to date have focused on the Rac1, Rap1, and Ras small GTPases, recent work suggests that drugs of abuse also engage the RhoA small GTPase network. In particular (Fakira et al. 2016) found that 1 day withdrawal from 4 days of escalating doses of morphine triggers an increase in the expression of RhoA in hippocampal synapses, and this RhoA induction, in turn, is essential for the formation of morphine-mediated conditioned place preference. Nevertheless, the effects of morphine withdrawal on the RhoA network in the NAc remain unclear. Given the demonstrated importance of small GTPase signaling in NAc MSNs in mediating cellular and behavioral responses during withdrawal from stimulant drugs of abuse (Cahill et al. 2016) , knowledge of RhoA pathway regulation in the NAc in response to morphine withdrawal remains an important question. To address this, we investigated the expression profile of individual components of the RhoA pathway in the NAc following both acute and protracted withdrawal from repeated morphine administration. At each withdrawal period, subcellular fractionation was used to gain insight into not only which RhoA network proteins are regulated by morphine withdrawal, but also where in the cell this regulation occurs. Finally, the consequences of morphine withdrawal-based regulation of the RhoA pathway on NAc neuronal morphology were investigated. Overall, our findings reveal that RhoA pathways are engaged during both early and protracted withdrawal from morphine, and our findings suggest that RhoA signaling contributes to morphine withdrawal-mediated dendritic spine remodeling in the NAc.
Materials and methods

Mice
Male C57BL/6J mice were purchased from Jackson laboratories and were young adults at the time of tissue harvesting (10-14 weeks of age;~25 g). Mice were housed in groups of five per cage on a 12 h light/dark cycle in a temperature-controlled environment with ad libitum access to food and water. Bedding enrichment was provided for all cages. For mouse surgeries, animals were anesthetized with a ketamine/xylazine cocktail. All animal procedures were approved by the Institutional Animal Care and Use Committee at Mount Sinai (LA12-00051).
Morphine administration and tissue harvesting
Mice were injected with morphine dissolved in 0.9% sterile saline at 20 mg/kg body weight. Mice received a single intraperitoneal injection per day for seven consecutive days (injections given in late morning); IP injections are the conventional way for delivering experimenter-administered morphine. All injections were done in the home cage of the animals; cages were randomly assigned to receive either saline or morphine injections by an experimenter. Injections of morphine and saline were done within approximately 10 min of each other to assure mice were handled and injected at roughly the same time each day. Mice were then withdrawn from the repeated morphine injections for 24 h, 1 week, or 2 weeks at which time NAc tissue was dissected from 1-mm-thick coronal brain sections using a 14 gauge tissue punch.
Western blotting and antibodies
Total protein levels of P1, P2, and S2 fractions were determined using a Bio-Rad DC protein assay and equal amounts of protein were placed into a buffer containing sodium dodecyl sulfate (SDS) and dithiothreitol as a reducing agent. Samples were heated to 95°C for 5 min and loaded onto 4-15% Tris-HCL gels (Bio-Rad Laboratories, Hercules, CA, USA) for SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto Immobilon-P polyvinylidene difluoride membranes (Millipore Corporation, Burlington, MA, USA) for 1 h at 100 V in buffer containing 15% methanol. Membrane blocking steps were performed using 5% bovine serum albumin in Tris-buffered saline containing 0.1% Tween-20. Primary and secondary antibody incubations were carried out in the same buffer as used for blocking. Peroxidase-conjugated secondary antibodies (Vector Laboratories, Burlingame, CA, USA) were used to label primary antibodies. Proteins were illuminated using chemiluminescence and protein levels quantified using densitometry (Image J, National Institute of Health Washington DC, USA). For all protein quantification, levels of the protein of interest were normalized to the corresponding levels of total actin, which itself was unchanged in any cellular fractions by the experimental conditions used. Antibodies purchased from Cell Signaling Technology, Danvers, MA, USA include serum response factor (SRF) (Cat# 5147S; RRID: AB_10694554) and Rock1 (Cat# 4035S; RRID: AB_2238679). Actin antibody was purchased from MP Biomedicals, Santa Ana, CA, USA (Cat# 08691002; RRID: AB_2335304). Antibodies purchased from Santa Cruz Biotechnology, Dallas, TX, USA include Rho guanine nucleotide exchange factor 11 (PDZ-RhoGEF) (Cat# sc-67024; RRID: AB_2059886) and MAL, myocardin-related transcription factor A (MRTF-A) (Cat# sc-21558; RRID: AB_2142498). RhoA antibody was purchased from Cytoskeleton, Denver, CO, USA (Cat# ARH03-A; RRID: AB_10708069). Antibody validations are available from each company.
Cell fractionation
The isolation of P1, S2, and P2 fractions from NAc tissue was performed using our established procedures (Cahill et al. 2016 (Cahill et al. , 2018 . Briefly, NAc tissue was homogenized using a Teflon homogenizer (Eberbach, Van Buren Charter Township, MI, USA) (40 strokes at 400 rpm) in ice cold HEPES-buffered sucrose solution (320 mM sucrose and 4 mM HEPES plus protease and phosphatase inhibitors). Homogenates were centrifuged at 1000 g for 10 min which produced a S1 supernatant and an unwashed P1 fraction pellet. The P1 pellet was further purified by resuspension in HEPES-buffered sucrose solution and again centrifuged at 1000 g. The resulting P1 pellet is the washed P1 fraction which was subsequently stored at À80°C until resolved via SDS-PAGE. The S1 fraction was additionally centrifuged multiple times to remove any residual P1 fraction material. The purified S1 fraction was then centrifuged at 10 000 g for 10 min which produced a S2 fraction supernatant and an unwashed P2 fraction. The S2 fraction was removed and stored at À80°C. The unwashed P2 fraction was resuspended in HEPES-buffered sucrose solution and again centrifuged at 10 000 g for 10 min. The resulting washed P2 fraction pellet was then isolated and stored at À80°C.
Isolation of G-actin and F-actin subfractions G-actin and F-actin subfractions were derived from NAc P1 fractions as detailed previously using a G-actin/F-actin in vivo assay kit (Cytoskelton, Cat# BK037) (Cahill et al. 2016 (Cahill et al. , 2018 . Briefly, NAc P1 pellets were resuspended in warmed (37°C) lysis buffer and F-actin stabilization buffer containing protease inhibitors and ATP and incubated at 37°C for 15 min. Samples were then centrifuged at 350 g for 5 min at 22°C. Insoluble debris was discarded and the supernatant was again centrifuged at 350 g. This step was repeated two additional times. Samples were then centrifuged at 100 000 g for 60 min (at 37°C). The resulting supernatant contained the G-actin subfraction which was removed and rapidly frozen at À80°C. The resulting F-actin subfraction pellet was resuspeneded in F-actin depolymerization buffer and stored on ice for 1 h with periodic mixing. Sample was then frozen at À80°C until resolved via SDS-PAGE.
Viral-mediated gene transfer
All viruses used were herpes simplex viruses (HSVs) that overexpress green fluorescent protein (GFP). HSV-GFP and HSVs that over-express GFP plus RhoA-GEF have been described and validated in our previous work (Cahill et al. 2016 (Cahill et al. , 2018 . Mice were infused with 0.5 lL of virus per hemisphere into the NAc using Hamilton 33-gauge syringe needles at a flow rate of 0.1 lL per minute, followed by a 5 min period of waiting in which viral diffusion is allowed to occur uninterrupted. The following stereotaxic coordinated were used to target the NAc (relative to Bregma): anterior/posterior 1.6 mm; medial/lateral 1.5 mm; dorsal/ventral À4.4 mm at a 10ᵒ syringe angle.
Dendritic spine imaging and analysis Mice were analyzed for dendritic spines 5 days post viral infusion. Mice were transcardially perfused with phosphate-buffered saline for 30 s with subsequent perfusion with 4% paraformaldehyde for 7 min. Brains were removed and post-fixed in 4% paraformaldehyde overnight. Brains were coronally sectioned using a Vibratome and 100-lm-thick NAc sections obtained. Sections were washed in phosphate-buffered saline and incubated in blocking solution containing 3% normal donkey serum and 0.3% Triton-X. Native green fluorescent protein (GFP) expression from viral constructs was boosted by overnight incubation in a GFP primary antibody (Aves Labs, Tigard, OR, USA Cat# GFP-1020; RRID: AB_10000240). GFP primary antibody was labeled with an AlexaFluor488 secondary antibody (Jackson Immuno-Research, West Grove, PA, USA). Sections were coverslipped using VectaShield (Vector Laboratories). Dendrite segments were imaged using a LSM 780 confocal microscope (Carl Zeiss, Oberkochen, Germany) via a 1009 objective lens and 2.0 digital zoom. Dendrites were only imaged if they could be traced back to their parent soma and were at least 50 lm from the soma. Imaging and quantification was done blind to experimental conditions by coding of viral condition. For each cell a 40-50 lm segment of dendrite was imaged and spines semiautomatically classified as thin, stubby, or mushroom using Neuronstudio (http://research.mssm.edu/cnic/tools-ns.html). Several criteria are used to classify spines into discrete morphologies, including spine length to head diameter ratios, spine head to neck ratios, and diameter of the spine head. The critical numerical values for each criterion listed above used to classify spines as thin, stubby, or mushroom are detailed in our previous work (Cahill et al. 2018) .
Statistics
Statistical analyses were performed using Graphpad Prism 5; GraphPad Software Inc., La Jolla, CA, USA. The number of animals examined, statistical tests used, and significance levels for individual experiments are reported in the figure legends. The critical criteria for significance were set at p < 0.05. All t-tests were two-tailed. No specific methods were used to assess normal distribution. For experiments, animals were randomly assigned to groups by an experimenter using a simple randomization method. This study was not pre-registered. Number of animals used for experiments was based on previous experience with similar experimental designs, and thus no sample size calculation was performed. Sample size differences from the beginning to the end of an experiments occurred in two instances: Grubbs' test was used for potential outlier detection; outlier was detected in a single instance and indicated in the corresponding figure legend, and for one western blot the protein band of interest for 4 of the leftmost lanes was completely blocked by a smear of high background that was not able to be eliminated (to make up for the loss of sample size for this protein, samples from additional animals were analyzed). For all biochemistry experiments the n for statistical analyses was the number of brains for each condition (detailed in each figure legend).
Results
Within neurons the RhoA network is enriched in nuclei, cytoplasmic regions, and synapses (Cahill et al. 2016) . Alterations in cytoplasmic RhoA network expression drive morphological phenotypes such as altered dendritic length and complexity, whereas synaptic RhoA pathways are potent regulators of dendritic spine formation and stability (Li et al. 2010; Warren et al. 2012; Zhu et al. 2012) . In addition, RhoA pathway activity in the nucleus has a well-characterized role in facilitating the transcription of specific gene targets of the SRF transcription factor and its co-activator, MAL (Gineitis and Treisman 2001; Cen et al. 2003; Liu et al. 2003) . To determine the effects of acute morphine withdrawal on RhoA network expression in the NAc, mice underwent 24 h of withdrawal from 7 days of morphine administration. NAc homogenate was subcellularly fractionated into P1 (crude nuclear), P2 (crude synaptoneurosomal), and S2 (crude cytosolic) fractions using established procedures (Cahill et al. 2016 (Cahill et al. , 2018 . We then examined the expression of RhoA as well as that of a NAc-enriched RhoA GEF, PDZ-RhoGEF (Cahill et al. 2016) , and a primary RhoA effector, Rock1, in each fraction. In addition, we investigated MAL and SRF levels in P1 and S2 fractions as RhoA pathway activity has been previously shown to influence cytoplasmic to nuclear shuttling of these molecules (Liu et al. 2003) . We found that 24 h morphine withdrawal increased the expression of PDZ-RhoGEF in NAc P1 fractions, with no change in P1 levels of RhoA or Rock1 (Fig. 1a-c) . Furthermore, no changes in the P1 expression of MAL or SRF were detected ( Fig. 1d and e) . No alterations in the expression of members of the RhoA pathway or alterations in MAL and SRF were detected in S2 fractions ( Fig. 1f-j) . Finally, the P2 expression of the RhoA pathway was not altered by 24 h morphine withdrawal (Fig. 1k-m) .
Within nuclei the actin cytoskeleton directly dictates the ability of MAL to interact with SRF (Vartiainen et al. 2007; Stern et al. 2009; Kokai et al. 2014) . As MAL's interaction with SRF enhances SRF's ability to initiate gene transcription in large part by facilitating RNA polymerase II recruitment (Esnault et al. 2014) , actin has pronounced effects in the regulation of SRF-mediated gene transcription. In particular, actin's polymerization state is the critical determinant, as MAL's interaction with nuclear filamentous actin (F-actin) likely places MAL in close proximity to SRF bound to its target sites in gene promoter regions, which would lead to a predicted increase in SRF-mediated gene transcription. In contrast, MAL's interaction with nuclear monomeric actin (G-actin) sequesters MAL away from SRF and likely away from gene promoter regions (Vartiainen et al. 2007; Baarlink et al. 2013; Kokai et al. 2014; Cahill et al. 2018) . Within NAc P1 fractions, we previously showed that PDZ-RhoGEF and MAL are present in both G-actin and F-actin subfractions, and our recent findings indicate that 24 h of withdrawal from repeated cocaine exposure specifically increases the enrichment of MAL in P1 F-actin pools (Cahill et al. 2016 (Cahill et al. , 2018 . To determine if morphine has effects reminiscent of cocaine, NAc P1 fractions were prepared from mice after 24 h of withdrawal from repeated morphine exposure and further processed to derive G-actin and F-actin subfractions. Surprisingly we found that, opposite to cocaine, morphine increased MAL and PDZ-RhoGEF expression in NAc P1 G-actin subfractions (Fig. 2a-c) , with no changes found in F-actin subfractions (Fig. 2d-f ). No differences in the ratio of total F-actin to that of total G-actin were found in the P1 fraction following 24 h morphine withdrawal (Fig. 2g) .
To determine if the induction of PDZ-RhoGEF expression at this early morphine withdrawal time point is maintained during more protracted withdrawal periods, NAc expression of PDZ-RhoGEF and other components of the RhoA network were examined 1 week following the cessation of repeated morphine administration. We detected no alterations in the expression of any components of the RhoA network or in the expression of MAL or SRF in NAc P1 (Fig. 3a-e ) or S2 fractions (Fig. 3f-j) . Furthermore, no changes in PDZRhoGEF, RhoA, or Rock1 were detected in NAc P2 fractions at this time point (Fig. 3k-m) . Overall, this suggests that the induction of P1 PDZ-RhoGEF by repeated morphine administration is specific to early withdrawal periods.
Similar to 1-week withdrawal, 2-week withdrawal from repeated morphine exposure produced no significant alterations in the expression of the RhoA network or in levels of MAL and SRF in NAc P1 (Fig. 4a-e ) or S2 fractions ( Fig. 4f-j) . However, this withdrawal period was marked by a significant increase in the expression of Rock1 in NAc P2 fractions, with no changes in other portions of the RhoA pathway detected in these fractions (Fig. 4k-m) .
The increased expression of Rock1 in NAc P2 fractions following long-term morphine withdrawal is indicative of the engagement of the RhoA network in NAc synapses. While studies in hippocampal pyramidal neurons indicate that the RhoA pathway exerts profound effects on the formation and stability of dendritic spines (Nakayama et al. 2000; Tashiro et al. 2000; Mizuki et al. 2016) , comparatively little is known regarding the effects of RhoA network expression on spine morphogenesis in NAc MSNs. To this end, we virally over-expressed the enzymatic DH/PH domain of a RhoA GEF in the NAc in vivo (Fig. 5a) . Importantly, we recently showed that this viral construct produces a significant, yet modest, increase in NAc MSN RhoA network engagement (Cahill et al. 2016) , allowing for the assessment of physiologically relevant effects on spines. Viral constructs also coexpressed GFP enabling the visualization of viral targeting and assessments of neuronal morphology (Cahill et al. 2016 (Cahill et al. , 2018 . Dendritic spines were semi-automatically classified as possessing a thin, stubby, or mushroom phenotype based on their length and head diameter (Fig. 5b) . Stubby spines typically have a head size intermediate to that of thin and mushroom spines, and the lack of a discernable neck is the defining feature of this spine subtype. Thin and mushroom spines have a distinct neck region and are distinguishable from each other chiefly on the basis of spine head area, such that mushroom spines have a larger head area than thin spines (Nimchinsky et al. 2002) . Across spine subtypes we found a main effect for RhoA GEF over-expression on spine density. Specifically, we found that augmentation of the RhoA pathway resulted in a significant decrease in the density of thin dendritic spines on NAc MSNs. No significant effects on the density of stubby or mushroom spines were detected ( Fig. 5c and d ).
Discussion
The main findings of this work indicate that early and longterm withdrawal from repeated morphine exposure engages the RhoA network in the NAc, that the subcellular regions displaying increased RhoA network signaling differ during early and protracted morphine withdrawal, and that heightened RhoA network activity is sufficient to induce synaptic structural alterations in NAc MSNs reminiscent of the known effects of morphine. We found that after 24 h of morphine withdrawal, there are increased levels of PDZ-RhoGEF within NAc P1 fractions, and that this increased expression is due to a selective enrichment in the P1 G-actin, and not F-actin, subfraction. The accumulation of PDZ-RhoGEF in the Gactin subfraction is surprising given our previous findings Grubbs' test outlier in saline group) and MAL (n = 13 saline mice, 14 morphine mice, t = 2.736, *p < 0.05) (d) Experimental design. Mice were intraperitoneally injected with saline or morphine 19 per day for seven consecutive days. 24 h following the final injection F-actin subfractions were derived from NAc P1 fractions. (e and f) Western blots and quantification indicate that short-term morphine withdrawal does not affect levels of PDZ-RhoGEF (t = 0.3661, p > 0.05) or MAL (t = 0.1090, p > 0.05) in NAc P1 F-actin subfractions. n = 13 saline mice, 14 morphine mice. (g) Quantification indicates that short-term morphine withdrawal does not alter the ratio of total F-actin to total G-actin in the P1 fraction (t = 1.504, p > 0.05). n = 13 saline mice, 14 morphine mice. All summary data are the mean + SEM.
that, although PDZ-RhoGEF is expressed in pools of both actin subtypes, it is preferentially enriched in NAc P1 F-actin subfractions under basal conditions (Cahill et al. 2018) . Indeed PDZ-RhoGEF contains a direct F-actin-binding domain N-terminus to its enzymatic DH/PH domain that promotes F-actin bundling and thereby increased F-actin stability (Banerjee et al. 2009 ). Also, through the activation of canonical RhoA signaling, PDZ-RhoGEF likely promotes F-actin stability by attenuating F-actin depolymerization (Siehler 2009 ). The reason for the selective accumulation of PDZ-RhoGEF in the G-actin subfraction after short-term morphine withdrawal is not entirely clear. One possibility is that following such withdrawal there are insufficient nuclear F-actin anchoring sites for PDZ-RhoGEF, which then leads to its default accumulation in G-actin rather than F-actin pools. While PDZ-RhoGEF can promote F-actin stability, it Western blots and quantification indicate that 1 week of morphine withdrawal did not affect the levels of PDZ-RhoGEF (t = 1.991, p > 0.05), RhoA (t = 0.8842, p > 0.05), or Rock1 (t = 0.4595, p > 0.05) in NAc S2 fractions. n = 12 saline mice, 11 morphine mice.
(i and j) Western blots and quantification indicate that 1 week of morphine withdrawal did not alter the expression of MAL (t = 0.4299, p > 0.05) or SRF (t = 1.918, p > 0.05) in NAc S2 fractions. n = 12 saline mice, 11 morphine mice. (k) Experimental design. Mice were intraperitoneally injected with saline or morphine 19 per day for seven consecutive days. 1 week following the final injection P2 fractions were derived from NAc lysates. (l and m) Western blots and quantification indicate that 1 week of morphine withdrawal did not affect the levels of PDZ-RhoGEF (t = 0.4244, p > 0.05), RhoA (t = 0.3352, p > 0.05), or Rock1 (t = 0.07281, p > 0.05) in NAc P2 fractions. n = 12 saline mice, 11 morphine mice. All summary data are the mean + SEM.
might not be independently capable of driving de novo Factin formation from G-actin monomers. As such, the accumulation of PDZ-RhoGEF at nuclear F-actin sites might necessitate enhanced F-actin formation over basal levels via distinct actin polymerization pathways that are not engaged during short-term morphine withdrawal. As signaling networks that drive F-actin formation also facilitate the depletion of MAL from G-actin pools (Cahill et al. 2016) , the accumulation of MAL in NAc P1 G-actin, but not F-actin, subfractions after short-term morphine withdrawal is further suggestive of a lack of sufficient de novo F-actin docking sites for these molecules.
As our recent findings indicate that histones are enriched in NAc P1 F-actin subfractions, with little to no presence in G-actin subfractions (Cahill et al. 2018) , the accumulation of MAL in G-actin subfractions during short-term morphine 2 weeks following the final injection P2 fractions were derived from NAc lysates. (l and m) Western blots and quantification indicate that longer term morphine withdrawal increased levels of Rock1 in NAc P2 fractions (n = 13 saline mice, 14 morphine mice, t = 2.673, *p < 0.05). Levels of PDZ-RhoGEF (n = 10 saline mice, 10 morphine mice, t = 0.04549, p > 0.05) and RhoA (n = 10 saline mice, 10 morphine mice, t = 0.7014, p > 0.05) on the other hand were not affected under these conditions. All summary data are the mean + SEM.
withdrawal likely places MAL away from its potential DNA-binding sites ( Figure S1 ). This is in direct contrast to our recent work demonstrating that short-term withdrawal from repeated cocaine administration increases the ratio of MAL in NAc P1 F-actin versus G-actin subfractions (Cahill et al. 2016) , which likely contributes to cocaine-mediated enhancements in SRF-mediated gene transcription. Nevertheless, morphine-mediated enrichment of MAL in NAc P1 G-actin subfractions could effectively prime MAL to foster SRF-mediated gene transcription very rapidly in the event that G-actin-binding sites for MAL are reduced by the enhanced activity of nuclear F-actin polymerization pathways. Additional factors capable of driving actin polymerization in NAc nuclei during short-term morphine withdrawal remain unclear. While in our study mice were administered morphine in their home cage, it is possible that if morphine was administered in a novel environment, subsequent exposure to the novel environment could drive nuclear actin polymerization in the NAc during the acute withdrawal period. If so, this could foster the transition of PDZ-RhoGEF and MAL toward F-actin pools where PDZRhoGEF could increase the stability of newly formed F-actin and thereby prolong MAL's ability to foster SRFmediated gene transcription. Comparative studies that investigate the effects of morphine administration in novel versus home cage environments on the RhoA pathway merit future attention.
In contrast to short-term withdrawal, our results show that 2 weeks post-morphine administration the RhoA network is excessively engaged in NAc synaptic regions. We show further that increased expression of the RhoA network in this brain region facilitates the selective elimination of thin spines on NAc MSNs. Recent work indicates that long-term morphine withdrawal causes a selective elimination of thin spines in NAc MSNs (Graziane et al. 2016) . Together with our findings, this work suggests that the RhoA network is a potential contributor to the elimination of this spine subset during protracted stages of morphine withdrawal. Similar to other drugs of abuse, seeking behavior for opiates following abstinence is greater during long-term withdrawal (e.g., 2 weeks) as compared to 1 day withdrawal (Kuntz et al. 2008) . This suggests that the elimination of thin spines in NAc MSNs during multi-week morphine withdrawal potentially contributes to the incubation of opiate craving responses with a concomitant increased propensity toward drug relapse. The density of stubby and mushroom spines was not affected by this manipulation (two-way ANOVA, main effect of RhoA-GEF-GFP overexpression F = 6.633, *p < 0.05; Bonferroni post hoc thin spines, *p < 0.05, Bonferroni post hoc stubby and mushroom spines, p > 0.05). n = 34 GFP cells and 15 RhoA GEF cells. All summary data are the mean + SEM. GEF, guanine nucleotide exchange factor; GFP, green fluorescent protein; HSVs, herpes simplex viruses; MSN, medium spiny neuron.
NAc MSNs can be categorized into two distinct groups defined by their predominant expression of either dopaminergic D1 or D2 receptors. Multiple studies indicate that NAc D1-expressing MSNs facilitate drug-mediated reward behavior, whereas the activity of D2-expressing MSNs confers antireward responses (Lobo et al. 2010; Lobo and Nestler 2011; Calipari et al. 2016) . Studies indicate that longer term (10-14 days) morphine withdrawal increases the frequency of miniature excitatory post-synaptic currents (mEPSCs) in D1-expressing NAc MSNs while simultaneously decreasing mEPSCs in D2-expressing NAc MSNs (Hearing et al. 2016) . While synaptic strength correlates with spine head size and hence thin spines are typically the sites of weaker synapses as compared to mushroom spines (Tada and Sheng 2006) , the majority of thin spines on NAc MSNs nevertheless are responsive to glutamate, indicating that they are important regulators of neuronal excitability (Khibnik et al. 2016) . As such, the loss of thin spines on D2-expressing NAc MSNs could account for the reported decrease in mEPSCs on this neuronal subtype by morphine. Future studies aimed at determining if the RhoA pathway is selectively induced in synapses of D2-expressing NAc MSNs during longer term morphine withdrawal will enable a more precise understanding of the role for aberrant RhoA network regulation in contributing to the synaptic structural hallmarks of repeated morphine exposure and withdrawal. Indeed, the specific loss of synaptic connectivity on D2 NAc MSNs would be expected to increase drug-mediated reward responsivity by downshifting activity in an anti-reward system and hence tipping the balance toward a D1-mediated pro-reward circuit.
A recent study found that 1 day withdrawal from repeated morphine administration decreased thin spine density in hippocampal neurons, and this loss of thin spines was associated with increased expression of total RhoA in hippocampal synapses. These effects were present when morphine was administered in a novel environment (conditioning chamber) and not elicited following home cage administered morphine (Fakira et al. 2016) . This suggests that hippocampal synaptic RhoA induction encodes associations between environmental cues and drug exposure rather than frank morphine reward. Given that our findings in the NAc were triggered by home cage morphine administration, the RhoA alterations identified in our study might control the fundamental rewarding and motivating properties of morphine.
Several pharmacological compounds that selectively target components of the RhoA pathway have been developed (Guan et al. 2013) . Notably, pharmacological inhibition of the RhoA pathway selectively in the hippocampus reduces morphine-induced place preference, suggestive of a reduction in drug-seeking behavior (Fakira et al. 2016) . We found that RhoA pathway activity reduces spine density in NAc MSNs, thereby recapitulating the effects of multi-week morphine withdrawal. As multi-week morphine withdrawal is associated with intensified drug-seeking responsivity as compared to more acute withdrawal (Kuntz et al. 2008) , it is conceivable that RhoA pathway inhibition in the NAc will dampen morphine-seeking behavior similar to the reported effects of RhoA inhibition in the hippocampus. If so, this could implicate general forebrain RhoA hyper-engagement as a contributing factor to morphine-seeking behavior and hence the propensity toward drug relapse. RhoA inhibition, in turn, could become viable treatment strategy in controlling opiate relapse.
Finally, as this work examined effects on the RhoA pathway spanning from 1 day to 2 weeks following the final dose of repeated morphine administration, our findings pertain to morphine withdrawal rather than strict morphine administration per se. Indeed, whereas striking effects on NAc MSN synaptic structure are evident spanning from 1 day to several weeks post-morphine administration, chronic morphine fails to elicit more immediate (within 1 h) synaptic structural effects on NAc MSNs (Diana et al. 2006) . This suggest that the 1 day time point post-repeated morphine administration is a bonafide withdrawal period with effects that differ in severity and kind from the physiological effects of morphine itself. Nevertheless, the requirement of withdrawal period on the identified effects in this work will require future studies that examine the more immediate effects of morphine administration on the expression and function of the RhoA network in NAc MSNs.
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